In this paper, we study a noise-limited low-latency decode-and-forward cooperative network set in a dynamic environment prone to link blockage. We analyse outage probability (OP) performance considering a temporally correlated fading channel between cooperating nodes employing a threshold-based protocol for internode communication. Exact and asymptotic analytical expressions for OP over Rayleigh fading, when maximal-ratio combining is applied at the destination, are derived. Asymptotic results give a better insight into outage performance at high average signal-to-noise ratio (SNR). We analyse the OP dependence on the SNR and link blockage probability and correlation coefficient of the estimated and actual internode SNR. The results illustrate that the internode protocol improves outage performance in the whole range of average uplink SNR. Internode channel correlation has a significant effect on the OP in the range of low average internode SNR. With increasing correlation, the OP increases up to an order of magnitude. The results also show that link blockage has a dominating effect on OP performance. The finite probability of all internode links being blocked reduces network performance to a single-link scenario, regardless of using the threshold-based protocol.
Introduction
In order to improve overall wireless network performance, full spatial diversity can be achieved by node cooperation [1] . Usually, cooperation strategies include amplify-andforward (AF) and decode-and-forward (DF) protocols. This paper considers uncoordinated DF cooperation, due to the fact that AF protocols require channel state information (CSI) between nodes, which cannot be always the case in real-world situations. This kind of cooperation assumes that nodes, which decode data from all or some of their partners, provide assistance in transmission, even if the cooperation is not bidirectional. On the other hand, coordinated DF cooperation guarantees that a node is assisted only by the nodes which that node is assisting. The number of independent data transmission Rayleigh fading for low and high average SNR ranges were presented in [7] . Outage probability performance for both AF and DF cooperative networks was evaluated in [8] . The authors included a new outage analysis for an AF protocol and have concluded that the performance of their proposed DF protocol will be better in the low average SNR regime, while their AF protocol achieves DF performance in high average SNR. Furthermore, increasing the network size will improve outage performance. Performance analysis of adaptive decode-and-forward relaying in non-coherent cooperative networks was analysed in [9] . In [10] , the authors considered the performance of distributed space-time coded cooperative relay networks based on inter-relay communications.
Chatzigeorgiou et al. [11] analysed the OP of uncoordinated DF networks where nodes act as both relays and transmitters for the case of Rayleigh fading channels. Transmission is performed cooperatively in two separate stages. In the first stage, a node will broadcast its packet to other nodes and to the destination. In the second stage, relaying nodes will either forward data or copy their own data multiple times to the destination, which applies maximal-ratio combining (MRC). Outage performance analysis over Nakagami-m fading channels, which is a more general fading model, was presented in [12] . In [13] , a threshold-based protocol was proposed to improve system performance over Rayleigh fading. The protocol is based on monitoring the channel between nodes and sending data in different time periods depending on the estimated value of the instantaneous SNR.
Our main motivation in this paper is the evaluation of outage performance under conditions found typically in industrial wireless networks, located in large, manmade installations. Apart from the fading phenomena, one should account for macroscopic changes in the propagation environment, like large objects moving to block line-of-sight paths, and other obstacles [14] [15] [16] . Within this type of environment network, nodes are subject to dynamic shadowing and outage events occur due to propagation phenomena, which are not only static but are also slower than short-term fading. In this paper, we therefore derive outage performance of the network which includes the probability of internode link blockage. Additionally, for internode communication, we adopt the thresholdbased internode protocol from [13] , which improves the overall system performance. However, whereas in [13] , the authors assumed independent SNR instances in the initial and delayed transmission in the internode protocol, and we include the analysis of temporal variations of the wireless channel in internode communication. The fading estimate will be different from the actual fading experienced by the packet due to temporal variation of the fading channel, which affects the packet, introducing performance loss. Transmission is performed cooperatively in two separate stages. In the first stage, a node will broadcast its packet to other nodes and to the destination. In the second stage, relaying nodes will either forward the data or copy their own data multiple times to the destination, which applies MRC. The analytical expression for OP in the network with threshold-based protocol over correlated internode fading channel is derived as well.
To the best of the authors' knowledge, the derived closed-form expressions for outage probability are novel and can be utilized in determining outage performance in a dynamic network environment prone to link blockage. The effects of parameters such as the average uplink and internode SNR, the number of nodes in the network and the correlation coefficient on the outage performance are analysed. Moreover, derived asymptotic expressions directly demonstrate the diversity and coding gains of the observed network for different ratios of average internode and uplink SNRs.
The rest of the paper is organized as follows. Section 2 introduces the system model, and the internode link blockage and the threshold-based protocol are presented. In Section 3, the derivation of the probability of successful internode decoding is presented. The outage performance of the network with the internode link blockage and threshold-based protocol is derived in Section 4. Asymptotic behaviour for both average internode and average uplink SNRs are discussed in Section 5. The numerical results with appropriate discussions are given in Section 6, and the concluding remarks are presented in Section 7.
System model
We investigate a cooperative wireless network which is comprised of M nodes. The nodes, denoted by U i , i = 1, . . . , M, are placed around the destination, denoted by D, as shown in Fig. 1 . The destination can detect each node individually due to orthogonal channels. Channel orthogonality can be achieved by using various modes of multiple access, i.e. time/frequency/code division multiple access (TDMA/FDMA/CDMA). The nodes cooperate and communicate with each other and the destination over a frequency-flat channel subject to Rayleigh fading and additive white Gaussian noise (AWGN). The channel between a node and the destination is denoted as the uplink channel, while the channels between cooperating nodes are denoted as internode channels.
Without loss of generality, we focus on the internode links from a single node, for example U i . Due to various obstacles like mobile obstructions, an internode link from U i to U j , denoted by i ↔ j , can be blocked with probability b ij , j = 1, . . . , M, j = i. When i ↔ j is blocked, node U j is cut off from the network from the point of view of U i , and U i continues to cooperate with the remaining nodes. Internode links are reciprocal; therefore, if i ↔ j is blocked, j ↔ i is blocked as well. We assume that the environment from nodes to the destination is such that direct links, from U i to D, cannot be blocked, and communication from a node to the destination is always possible and all average uplink SNRs are equal. Cooperation consists of two stages. In the first stage, each node sends its own packet to the destination and to the other nodes. In the second stage, each node acts as a relay, re-encodes and forwards the received packet. Figure 2a shows the transmissions from node U i to other nodes and to the destination using TDMA. A total of M time slots are used in the first phase of transmission. Note that each packet transmission time is shorter than the dedicated time slot, allowing the use of the internode protocol described in the following paragraph.
For internode communication, we adopt a more precise version of the protocol described in [13] . Each node monitors and estimates the instantaneous internode SNR to a non-blocked link. Depending on the internode CSI, each node sends its packet to other cooperating nodes if the internode SNR is above a predetermined threshold, as shown in Fig. 2b . If this is not the case, regardless of the CSI, each node sends its packet after a waiting period, as in Fig. 2c . In our model, the instantaneous SNR of the delayed transmission will be correlated with the initial estimated SNR value. The random variables associated with the instantaneous internode SNR in the initial and delayed transmission in the internode protocol are denoted as γ ij and γ ij , respectively. It is assumed that γ ij and γ ij are correlated and have a joint probability density function (PDF) given by [17] 
where ρ is the correlation coefficient, assumed to be the same for all links,γ ij is the average internode SNR for the link i ↔ j and I 0 (·) is the zeroth order modified Bessel function of the first kind. At the end of the first stage, each node has received M − 1 coded packets from other nodes. Out of those received coded packets, n packets are not successfully decoded. Hence, a node which fails to decode n packets has decoded M − n − 1 packets successfully. During the second stage of cooperation, each node acts as a relay and re-encodes and forwards the M − n − 1 packets to the destination. To maintain constant cooperation frame energy, the n packets which the node failed to decode are replaced with n copies of its own packet. At the end of the second stage of cooperation, node U i has transmitted n + 1 copies of its own packets over the uplink channel. In addition to these packets, M − n − 1 copies of the same packet are transmitted to the destination over other cooperating nodes. The destination then applies MRC of the M copies of the packet.
If we observe the OP from node U i , the number of cooperating nodes will depend on the network size, i.e. the number of unblocked links to U i . We assume that link blockages are statistically independent. n b denotes the number of blocked links to node U i . The probability of N b links being blocked is given by
with 
Probability of successful internode decoding
The probability that U i will successfully decode the packet from another node through an internode channel is the probability that the instantaneous internode SNR is greater than the given threshold, γ 0 . An optimal protocol threshold γ TH which minimizes OP exists, and it is equal to the outage threshold γ 0 [13, 17] . In the case of correlated Rayleigh fading, the successful decoding probability takes the form
where p γ ij ,γ ij γ ij , γ ij is the joint PDF of two correlated exponential random variables, given by (1) . Integration over the variable γ ij , presented in [17] (eq. (9.279)) and [18] results in a closed-form expression that includes the Marcum-Q function, defined in [19] (eq. (2-1-122)). Integration over the second variable does not yield a closed-form expression.
To get a more desirable solution, the following derivation uses a series expansion of the zeroth order modified Bessel function of the first kind [20] (eq. (447.1))
and the joint PDF given in (1) can be rewritten as
Substituting (1) with (6), (4) can be written in the form
The integrals can be directly solved using [20] (eq. (3.351)); hence, the probability that a cooperating node will successfully decode a data packet from the node U i is derived in the form of
with (·, ·) denoting the incomplete Gamma function, defined in [20] (eq. (8.350.2)). The infinite sum in (8) converges very rapidly, as shown in Table 1 .
The expression in (8) gives exact numerical results using only a few terms in the infinite sum. For instance, to achieve accuracy at the 6th significant digit, only three terms are required for ρ = 0.2, and 12 terms for ρ = 0.9 when average internode SNR isγ ij = 0 dB. As γ ij increases, less terms give accurate results, and for γ ij = 15 dB, just one term is sufficient for ρ = 0.2 and two terms for ρ = 0.9.
Outage probability analysis
In order to determine the OP in the system, we analyse the cases of full and partial cooperation, respectively. Full cooperation is the ideal case, and it assumes that node U i has successfully decoded all packets from the other cooperating nodes, i.e. error-free communication. The other case, denoted as partial cooperation, models the realworld system behaviour. In partial cooperation, node U i can fail to decode some of the packets from other nodes due to insufficient received SNR. Node U i will therefore re-send its own packet copies to the destination, replacing the packets from other nodes it has failed to decode. Furthermore, the overall OP will depend on the number of successfully decoded packets as well as the number of cooperating nodes (nodes which links are not blocked).
n denotes the number of packets copies that the destination receives directly from node U i in the second stage of cooperation. Similar to (2), n is determined by
with n = 0, 1, . . . , M − 1. Similar to (2), S c , the subset of S i , denotes the number of packet copies that node U i re-sends in the second stage of cooperation, and |S c | is the cardinality of the set with different combinations of n elements.
For the case when all pγ ij are equal, (9) has a binomial distribution and reduces to
The instantaneous SNR at the MRC receiver output at the destination is denoted as γ . To determine the OP of Table 1 Convergence to the 6th significant digit of the sum in (8)
the network in both cases, it is required to find the OPs P F (γ ) and P P (γ ), where F and P denote full and partial cooperation, respectively. The full and partial outages are conditioned on the number of nodes, which in the case of link blockage has a probability given by (2) . In the case of full cooperation, node U i has decoded all the packets from other nodes. In this case, the destination combines M copies of the packet, and also, it holds that n = 0. Similar to [17] (eq. (9.5)), the conditional OP is
In the case of partial cooperation, the number of packets which node U i transmits in the second stage is n > 0. In this case, just from node U i , the destination receives n + 1 copies of the packet, where each packet has an average SNR ofγ u . The destination then applies MRC on the n + 1 copies (which can be written as a single copy at an SNR value of (n + 1)γ u ) with the remaining M − n − 1 copies from other cooperating nodes. The OP, conditioned on M and n, can be derived from the moment generating function (MGF) of γ . Using partial fractions [20] and taking the inverse Laplace transform, the expression for the conditional OP for partial cooperation, similar to [11] (eq. (6)), can be written as
A piecewise general expression for the OP can be expressed as ( [11] , eq. (7))
The overall OP for a network of M nodes without link blockage can be obtained by averaging (13) over the number of packets received by the destination directly from node U i in the second stage of cooperation as
Furthermore, taking into account the number of links being blocked, N b , the OP for the blocked case is obtained by averaging (14) over the distribution of number of blocked links as
Asymptotic analysis
We analyse the asymptotic behaviour of the network at high average SNR to gain a better insight on outage performance. As both average uplink and average internode SNR increase, we examine the relation ofγ i andγ u and present OP approximations for two distinct cases, the former being high average internode (γ i γ u ) and the latter being the high average uplink (γ u γ ij ) regime. In both cases, all the average internode SNRs are assumed to be equal, i.e.γ ij =γ i . In addition, as the average uplink SNR goes to infinity, we observe the diversity and coding gains, as the OP can be written asP
with G c denoting the coding gain and G d the diversity gain. We first solve OP, coding and diversity gains for the non-blocked case, and then extend to the blocked case by averaging over the number of blocked links. The approximate asymptotic expressions for the full and partial conditional outage probabilities whenγ u γ 0 , which hold for both cases, are given, respectively, as ( [11] , eq. (15))
and ( [11] , eq. (16))
. (17) We utilize the expressions above in the derivation of the asymptotic results.
Case I:γ i γ u
In the first case, we assume that the average internode SNR is greater than the average uplink SNR (i.e., γ i γ u ), and internode communication is fully reliable. There are no delayed transmissions in the internode protocol. This in turn also results that in the second phase of cooperation, node U i does not re-send its own packets.
The dominating term in the expression for successful decoding in the internode channel in (8) is the first term in the sum, and we can writẽ
Furthermore, fromγ i γ u γ 0 , we can apply the approximation
(N+2) , and after some mathematical manipulations, we obtain the approximation for successful internode decoding as
By inserting (16) and (19) into (14), the expression for asymptotic OP without link blockage can therefore be written as
Asγ u goes to infinity, we observe the coding and diversity gains. Directly from (20) , and usingγ i γ 0 , we can obtain the gains as
Next, we will be examining the impact of link blockage. Averaging the OP (20) over the number of blocked links, we obtain the OP in the high average internode regime in the case of link blockage as
Bearing in mind that there exists a finite probability that all internode links are blocked, outage performance will be dominated by the case when the only active link is the direct link from node U i to the destination. Diversity gain is therefore reduced to one, and the coding gain is obtained from (22) when N b = M − 1, i.e. when all internode links are blocked. The gains are therefore
(23)
Case II:γ u γ i
In the second case, the average uplink SNR is greater than the average internode SNR (γ u γ i ). Performance is determined by the case when all internode channels fail, and nodes cannot successfully decode packets originating from node U i . In this case, all packets are re-sent directly from the initial node U i in the second stage of cooperation. This behaviour can be analytically expressed as, when calculating the OP, the only term in the sum w.r.t. n in (14) is the last, (M − 1)st term. The outage probability can therefore be calculated inserting (17) into (14) for n = M − 1, without blockage, as
It is worth noting that, in the expression above, pγ ij cannot be approximated to the first term as in (19) , as the ratio betweenγ i and γ 0 can be arbitrary. The approximation for successful internode packet decoding from (19) is accurate only forγ i γ 0 . Rather, the exact probability of successful packet decoding in (8) is used.
In a similar fashion to the internode regime, from (24), the coding and diversity gains for high average uplink SNR regime, whenγ u → ∞, are given respectively, as
However, for the ratioγ i γ 0 , in accordance with Table 1 , only the first term in (8) is sufficient, and we can apply the approximation for successful internode channel decoding (18) . For this case, G d u remains equal to one, but one can see more clearly the impact of the correlation coefficient ρ on G c u as
Finally, when we take into account the probability of link blockage, we can write the asymptotic expression for the high average uplink SNR regime, from (24), as
From (27), we can directly obtain the coding and diversity gains for the high average uplink SNR regime with link blockage as
Numerical results
The expressions derived in the previous section are used to efficiently compute numerical values of OP for any practical value of average SNR over internode and uplink channel, correlation coefficient and network dimension. The threshold for successfully decoding packets depends on the coding scheme used and on the packet length L, as derived in [21] . We set the optimum threshold to γ 0 = −0.441 dB, which describes a network where each node encodes a packet of length L = 512 b using a convolutional coding scheme with one-half code rate with octal generator polynomials (1, 17/15), [21] . In addition, average internode SNRs are assumed to be equal due to simpler mathematical tractability, except in Fig. 5 , where average internode SNRs follow an exponential power profile [22] . Figure 3 shows the OP as a function of average internode SNR, for various values of average uplink SNR and correlation coefficient ρ. Also, as a comparison, results from [11] and [13] are given. The results for the full correlation limiting case coincide with the results when the thresholdbased protocol is not used, as presented in [11] . These additional curves from [11] and [13] act as upper and lower bounds, for the limiting cases when ρ approaches one (full correlation) and zero (no correlation), respectively. For higher average internode SNR, on the average, internode channel state will be above the threshold. This results in less packet errors between the nodes, obtaining better performance until a floor is reached. The impact of correlation is dominant in the low average internode SNR Figure 4 further shows outage probability dependence on the correlation coefficient for different values of average internode SNR for a network without and with link blockage. As expected, by increasing the correlation between fading samples in internode communication, outage performance is degraded. However, as shown in the figure, by increasingγ i the probability of delayed internode packet transmission decreases, the impact of correlation on the system performance becomes less significant. The difference in OP when link blockage exists, when compared to the non-blocked case, is more apparent for greater values ofγ i . In Fig. 5 , average internode SNRs are unequal and follow the exponential power profile [22] , given as γ 1j =γ 1i e −δ(j−2) , where i, j = 1, . . . , M, i = j and δ is an non-negative integer. Increasing δ, outage saturation is reached at higherγ 12 . For δ = 0, all internode SNRs are equal and the outage floor is reached atγ 12 = 20 dB. Outage probability increases with increasing δ, and the requiredγ 12 to reach the floor shifts from 20 to 28 dB as δ goes from 0 to 1. Figure 6 shows outage probability dependence on average uplink SNR for different number of nodes M and correlation coefficient ρ. Average internode SNRs increase simultaneously with the average uplink SNRs. The impact of correlation is stronger at lower average SNR and is more pronounced for higher network dimension. For instance, atγ u = 5 dB, as ρ decreases from 0.9 to 0.1 outage probability drops only 1.266 times for M = 2, while for M = 5, outage is 4.83 times lower. When the blockage probability is different from zero, in the high average SNR regime, correlation has no impact on outage for any network size. Additionally, the finite blockage probability causes the slope of the outage curves to approach diversity order one at high SNR for any number of nodes (because the node's uplink channel is always available) and diverge from the non-blocked case, presented by the dashed curves. Note that in the non-blocked case, outage curves have diversity order M.
The effects of different blockage probabilities are shown in Fig. 7 . Even for high average uplink SNRγ u , the impact of link blockage is dominant. As b ij increases, the floor is reached at a smaller value of OP. For instance, at b ij = 0.01, the outage floor of 2.6 × 10 −8 is reached at about γ u = 20 dB, while at b ij = 0.1, the floor of 10 −5 is reached atγ u = 15 dB. In the asymptotic average internode SNR regime with fixed average uplink SNR, one can notice that The value of the outage floor can be obtained using (16) , as
When plotting the OP dependence on average uplink SNR in Fig. 8 , the effect of correlation in the internode communication protocol can be observed. We also plot the asymptotic expressions for both high average internode and average uplink SNRs. Orange curves represent the high average internode regime, are plotted forγ i = 15 dB and are a good match for the exact curves untilγ u = 12 dB, as expected. On the other hand, forγ i = 5 dB, the teal curves, for the high average uplink regime are a good match beyondγ u = 16 dB and forγ i = 15 dB beyond γ u = 30 dB. One can also notice the diversity and coding gains on the asymptotic curves. As expected, at high average internode SNR, the diversity gain is determined by the slope of the orange curve and is equal to M, while for high average uplink SNR, all teal curves are diversity order one. Coding gain in the high average internode regime does not depend on the correlation in the internode protocol (all three orange curves are overlapping), while ρ has a significant impact in the high average uplink SNR regime.
Finally, Fig. 9 shows outage dependence on average uplink SNR for different values of node blockage b i . Exact and asymptotic results are presented. As b i increases, OP converges to a single-link case (with no cooperation). The additional, single-link curve is plotted as well for comparison. Furthermore, asymptotic results, in both the high average internode SNR from (22) and high average uplink SNR from (27), converge to the exact value of the OP as b i increases. The slope of theγ i γ u asymptotic curves changes from being very high at lowγ u but reduces to first order diversity asγ u increases. For instance, for b i = 0.01, the slope tends to full-order diversity (as in Fig. 8 , with no blockage) forγ u < 15 dB. However, due to link blockage, this slope tends to first-order diversity asγ u goes above 15 dB. As b i decreases, the slope turning point tends to the fixed value of the average internode SNR.
Conclusions
In this paper, we have investigated DF cooperative networks prone to link blockage over temporally correlated Rayleigh fading between nodes and derived novel exact and asymptotic expressions for outage probability. Based on these expressions, we have analysed the outage probability dependence on different channel and network parameters, as are link blockage probability, number of nodes in the network, average SNR over uplink and internode channels, as well as temporary fading correlation. Asymptotic results demonstrate the interplay of high average uplink and internode SNRs on outage performance. The derived asymptotic expressions, which are more tractable from an engineering point of view, emphasize network behaviour at high average SNR regimes.
The presented numerical results demonstrate that fading correlation over the internode channels has a stronger influence on outage for greater values of average uplink SNR, but at low ranges of average internode SNR. At high average internode SNR, the impact of correlation even diminishes. Moreover, as the network size increases, correlation has greater impact on outage probability.
The results have shown that the presence of finite link blockage causes significant performance degradation, reducing the diversity order of the system to a single-link case with diversity order one. This non-negligible performance loss is present regardless of the correlation coefficient in the threshold-based internode protocol. Furthermore, by increasing link blockage probability by one order of magnitude, the outage probability is increased by several orders of magnitude.
